ABSTRACT Flexible conversion between modulation formats enables intelligent grooming techniques for an elastic optical network (EON) aimed at dynamical spectral efficiency allocation in optical fiber transmission. In this paper, we propose and demonstrate an all-optical modulation format conversion scheme between an 8-ary phase shift keying (8PSK) signal and two quadrature phase shift keying (QPSK) signals based on phase-sensitive amplification in highly nonlinear fiber. Benefiting from two simultaneous but different phase-squeezing processes, the two QPSK signals can be obtained simultaneously to avoid the loss of original information. The system transfer functions show the feasibility of the proposed scheme, and the system performance is evaluated by input-output constellations, calculated error vector magnitude (EVM), and bit error rate (BER) in numerical simulation. At BER of 3.8 × 10 −3 , about 5-dB optical signal-tonoise-ratio (OSNR) improvement between the input 8PSK signal and output QPSK signals can be observed. Furthermore, several potential applications in optical fiber transmission can also be found based on the converter.
I. INTRODUCTION
Elastic optical networking (EON) plays a desirable role in future information networks, especially in converged, collaborative and co-automatic (3C) optical networks [1] . It has the advantage of intelligent grooming to allocate dynamically spectrum resource by adapting to the actual conditions of the network and data rate for each given traffic demand [2] , [3] . In this way, optical modulation format conversion has been renowned as a promising technology to enable this function in EON [4] . Conversions from multiple lower-order signals into a higher-order signal, and inverse conversions from a higher-order signal into multiple lower-order signals are beneficial to realize
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Various methods of all-optical conversion from multiple lower-order signals to a higher-order signal have been proposed. For example, the conventional on-off-keying (OOK) signal could be converted to binary phase-shift keying (BPSK), quadrature PSK (QPSK), or 8PSK signal by using the cross-phase modulation (XPM) effect [5] . Conversion from two BPSK signals to a QPSK signal has been demonstrated by employing four-wave mixing (FWM) in highly nonlinear fiber (HNLF) [6] . A QPSK and an OOK signal can convert to an 8-ary quadrature amplitude modulation (8QAM) signal by using XPM and cross gain modulation (XGM) in a semiconductor optical amplifier (SOA) [7] . On the other hand, inverse conversions from a higher-order signal into multiple lower-order signals have also been studied. Numerous conversions from one QPSK to two BPSK signals using FWM [6] or phase sensitive amplification (PSA) [8] - [12] have been performed. Similarly, considerable research on the format of the 16-ary quadrature amplitude modulation (16QAM) into two 4 amplitude-phase-shift keying (4-APSK) signals [13] - [17] or two QPSK signals [18] have also been demonstrated.
8PSK signal has higher spectral efficiency than QPSK and better fiber nonlinear tolerance than M-ary QAM (MQAM) formats due to its constant amplitude [19] . With the development of coherent optical communications, it is playing a more and more important role in high-capacity optical networks. However, there are few reports on the conversion for 8PSK signal [20] , [21] . To the best of our knowledge, one 8PSK signal can be converted into two 4-APSK signals [20] by mapping the data points onto the constellation axes. However, this technique can not obtain the two converted signals simultaneously. Another conversion from 8PSK to the desirable QPSK format is realized by all-optical phase erasure [21] , which is useful in implementing Trellis coded modulation at an intermediate node. Unfortunately, only one QPSK signal can be obtained so that partial information of 8PSK signal will be lost, restricting its application in the realistic communication systems.
To overcome the issues above, we propose and demonstrate an all-optical simultaneous modulation format conversion from one 30-Gbps 8PSK signal to two 20-Gbps QPSK signals without information loss in HNLF. In our configuration, two different phase-squeezing processes will happen simultaneously so that the two converted QPSK signals can be obtained at the same time. It is needed to be pointed out that some redundancy is also introduced in this process. However, such redundancy can be ignored because it does not affect the actual application of the converter. In general, the study can contribute to increase the richness and diversity of all-optical format conversion for 8PSK format, which is beneficial for intelligent grooming techniques in EON. Furthermore, several potential applications such as further transmission of 8PSK signal, secure communication, and information interaction between different types of networks are also discussed based on the converter. Fig. 1 shows the schematic diagram of the proposed format conversion system. It has two basic building blocks, the FWM block and interference block.
II. OPERATION PRINCIPLE
The FWM block is used to generate the harmonic signal by two FWM processes with two HNLFs. The frequency and phase relations among the signal and harmonics can be seen from the sketches of optical spectra in FWM block on the left of Fig. 1 . Firstly, supposing that continuous wave (CW) light P1 phase is the reference phase and the 8PSK signal S phase is φ S . They are sent into HNLF1 together to obtain a newly generated harmonic at H2. The optical phase of H2 is expressed as:
Secondly, P1, harmonic H2 are filtered out by wavelength selective switch (WSS) and combine with another CW light P2 into HNLF2. Then a new harmonic S1 can be obtained at the same frequency with the original 8PSK signal. The phase of S1 is given by
The P1 and P2 impose extra phase shifts on signal S1, but these static shifts do not change the essence of the discussion. What's more, we send the attenuated signal S to pass through a phase shifter (PS) to introduce a static phase compensation φ c . Finally, harmonic signal (−3φ S ) and signal (φ S + π/2) can be obtained when phase relationship fulfills:
The interference block located in the latter part of the configuration is actually a 3-dB coupler, whose phase feature is the key to realize the format conversion simultaneously. Namely, when a signal is sent to one of the coupler inputs, it will be divided into two equal streams in power, while the phase of one stream is the same with the original input signal, and the other stream will be shifted by π /2. In our setup, the 8PSK signal S and its harmonic S1 will be launched into the coupler as shown on the right of Fig. 1 . Therefore, they will interfere in two different phase-squeezing ways at each arm, thereby being converted to two different QPSK signals. Moreover, we need to notice that the phase relationship between signal and the harmonic before the coupler is a critical factor for correct conversion. Therefore, an optical frequency comb rather than three independent lasers is used at the beginning to realize the phase relationship stable by generating phase-locked waves.
The interference process happened on the lower arm of the coupler can be described by the following signal transfer function:
where A 1 (t) and θ 1 (t) are the electric field amplitude and the phase of converted QPSK signal respectively, φ s is the input 8PSK signal phase, m is the amplitude ratio of the harmonic to the input signal. The format conversion process is the most efficient if θ 1 (t) = nπ/2(n = 0, 1, 2, 3) and then the approximate value of m is 0.414. Phase and amplitude transfer curves are calculated in such condition from Eq. (3) and plotted in Fig. 2 . Fig . 2 shows the characteristic of four-level phase squeezing [22] . The phase-to-phase transfer is close to being four discrete output states, while the amplitude becomes sinusoidally modulated with input signal phase. It is worth pointing out that when input phase φ1 = nπ/2(n = 0, 1, 2, 3), the output amplitude has the maximum gain and we name φ1 as the gain axis. Therefore, after the interference, eight phase states of input 8PSK signal will be squeezed towards its gain axis φ1, thereby being four states as QPSK1, which is shown in Fig. 3 .(a) and (b). Similarly, another interference process on the upper arm can be written as:
where A 2 (t) and θ 2 (t) are the electric field amplitude and phase of another converted QPSK signal. The output amplitude would have the maximum gain if the input signal phase relation satisfies: φ s + π = −3φ s + 2nπ . Namely, its gain axis is φ2 = nπ/2 + π/4(n = 0, 1, 2, 3). Similar behavior could be concluded that the input signal will be squeezed towards gain axis φ2, thereby being QPSK2 as shown in Fig. 3 .(a) and (c). Finally, the phase mapping and logic relations between 8PSK signal and the two converted QPSK signals are summarized in Table 1 . It is clear that there is more information in two QPSK signals (2×2 bits per symbol) than in 8PSK (3 bits per symbol), i.e. the process introduces some redundancy. By observing the binary data encoded on the 8PSK signal and that on the two QPSK signals, we can find the first two bits of 8PSK have an identical logic relation with QPSK2, and the last bit of 8PSK is only same with the last bit of QPSK1. Therefore, the first binary data on QPSK1 is a redundant bit. However, the redundancy does not affect the independence of the original information carried by the converted QPSK signals. It only brings special decoding rules for QPSK1, i.e. the phase states 'π/2' and '−π/2' of QPSK1 represent the binary data '0', and the phase states '0' and 'π' represent the binary data '1'. In this way, the last bit of 8PSK can still be identified correctly. More importantly, the simultaneous format conversion from 8PSK to two QPSK signals can be realized and no loss of the information happens in the process. Fig. 4 shows the simulation setup for the proposed format conversion scheme.
III. NUMERICAL SIMULATION
The scheme of Fig. 1 would not theoretically work if 8PSK signal carrier and two pump waves are not phase locking. To realize the phase locking among them, a phase modulator (PM) is used to modulate a 17dBm CW laser at 193.1THz, with 10-KHz linewidth, to produce an optical frequency comb [23] with 30 GHz spacing. The comb is demultiplexed to separately select three of its lines acting as the phase-locked signal carrier S and two pump waves P1 and P2 with the frequency of 193.1THz, 193.07THz and 193.19THz respectively. The carrier is modulated to generate a 30-Gbps 8PSK signal data with a symbol length of 32768. Optical signalto-noise ratio (OSNR) at node A is set by adding amplifier spontaneous emission (ASE) noise and applying a 0.16-nm 3dB-width band-pass filter (BPF) to the signal to simulate the practical situation in fiber links.
In the stage of harmonics generation, the noisy signal and P1 are combined and amplified up to 16dBm and 19dBm respectively in an erbium-doped fiber amplifier (EDFA) with the noise figure of 4dB at the HNLF1 input. The HNLF1 has nonlinear coefficient γ = 17.5 (W · km) −1 , length L = 500m, and zero-dispersion wavelength (ZDW) at 193.1THz with its slope of 0.02 ps/nm 2 /km. Nonlinear effects of FWM, self-phase modulation (SPM), and XPM are taken into consideration in HNLF1. While other nonlinear effects as stimulated Brillouin scattering (SBS) and the stimulated Raman scattering (SRS) are neglected. Subsequently, the 3.3dBm idler with the conversion efficiency of −11.7dB generated at 193.16THz in HNLF1. The conversion efficiency, here, is defined as the optical power ratio between the converted signal and the original signal after HNLF. Then idler, P1 and 16dBm P2 are combined and launched into the HNLF2. HNLF2 has the same parameters as HNLF1, except the ZDW at 193.16THz. After HNLF2, the −2dBm harmonic is generated with the conversion efficiency of −10dB and filtered by a BPF centered at 193.1THz. Finally, a variable optical attenuator (VOA) is set as 9dB to adjust the relative intensity of the original signal to harmonic with a power ratio of 5.8 (1 : m 2 ). The phase shifter (PS) introduces a static phase compensation to the signal phase as φ s + π/2.
In the interference block, the coupler has 50:50 coupling ratio. We need to point out that the stable phase relationship of the phase-locked waves needs to be maintained when they are processed and launched to the coupler separately. In practice, an active phase-locking loop (PLL) is usually employed to stabilize the phase relationship [9] , [13] . When the format conversion is finished, ASE noise is added to change the OSNR at node B to evaluate the bit-error-rates (BER) performance of the converted signals. Finally, at the receiver side, the QPSK signals are coherently detected by using optical hybrids and balanced photo detectors (BPDs).
IV. RESULTS AND DISCUSSION
To study the system transfer characteristics, we inject a CW light (wavelength: 193.1 THz, power: 16 dBm) with a modulation phase range of (−π, π) into it. The input and amplified (9dB) output constellations shown in Fig. 5(a) tell out that the system has two simultaneous but different four-level phase squeezing processes. The phase-to-phase and phase-toamplitude curves on the upper and lower arms of the coupler in Fig. 4 are depicted in Fig. 5(b)-(c) respectively. By them, we can see that both arms transfer the linear input phase to the four-level stair-step output phase corresponding to two different gain axes in Eq. (3) and Eq. (4), and the amplitude is sinusoidally modulated with input signal phase, which indicate the feasibility of the proposed method. Fig. 6(a)-(b) show the input-output constellations under the input OSNR at node A of 23dB and 17dB respectively. The corresponding optical spectra representing the 30-Gbps 8PSK signal and the converted 20-Gbps QPSK signals are similar in both cases, and we give the first case as an example shown in Fig. 6(c) . Some spikes in the spectra of the QPSK signals are the FWM components, which are generated solely by the pump interactions in HNLF2.
For the high-quality 8PSK signal at 23dB OSNR, the input error vector magnitude (EVM) of 7.09% is degraded by ∼3% for the converted QPSK signals with EVMs of 10.07% and 9.86%. For the low-quality input signal at 17dB OSNR, the input EVM of 14.05% suffers a bigger penalty of ∼4% to the output signals with EVMs of 17.99% and 17.96%. By observing the shape of QPSK constellations in both cases, we can see that the generation of QPSK signals are the result of phase-squeezing effect and accompanied by large amplitude noise. Compared with the shape of 8PSK, such amplitude noise is the main source of EVM penalty.
To further examine the dependence of the conversion system performance over the input signal quality, the noise module at node A is used to set the OSNR of 8PSK from 15dB to 25dB with a spacing of 1dB. The calculated EVM of the input 8PSK signal and corresponding output QPSK signals versus different OSNR at node A is depicted in Fig. 7 . Comparing the converted QPSK signals with 8PSK signal, the result is consistent with constellations that the EVM performance of QPSK signals show a little overall degradation due to larger amplitude noise. Such noise comes at the expense of the typical phase-to-amplitude conversion via a sinusoidal amplitude response as shown in Fig. 5 , which means more extra amplitude noise will generate when a noisy 8PSK signal is input. This effect will be more obvious with the bigger original noise as shown in Fig. 6(a)-(b) .
We also investigate the system BER performance versus different OSNR values at node B by error counting with Monte-Carlo approach. In order to avoid the particularity of the discussion, the OSNR at node A is set as 23dB and 17dB respectively. In this way, the BER performance can be analyzed in two cases corresponding to two different qualities of the input signal discussed in Fig. 6 . Subsequently, the OSNR at node B is added to the converted QPSK signals, as well as the corresponding input 8PSK and QPSK transmitted by a back to back (B2B) link for reference. With the mapping relationship with BER, the OSNR at node B can be viewed as the indicator of the signal transmission distance before being received. The BER performance under the input OSNR at node A of 23 dB is shown in Fig. 8.(a) . On the forward error correction (FEC) threshold of 3.8 × 10 −3 , for the converted QPSK signals, there is ∼5dB OSNR improvement compared with B2B 8PSK signal. The result shows that the converted QPSK signals have more excellent BER performance than the original 8PSK signal and it can be explained by two main reasons. First, it benefits from the phase squeezing of the 8PSK signal shown in Fig. 3 . It means if its one error bit occurs between two adjacent phase states to be squeezed, then only one of the converted QPSK signals will have a bit error. Second, after the format modulation, the lower modulation format QPSK signal also has better noise tolerance than 8PSK due to a larger Euclidian distance. As for the comparison with the B2B QPSK, there is 0.5dB OSNR penalty for the converted QPSK signals on the FEC threshold. Such penalty means that the squeezed phase stemming from two original phases has a little bigger phase noise than the original ones. By observing the phase transfer curves in Fig. 5.(b)-(c) , the more bigger input noise is, the farther the input phase coverage away from the flat zone, and the bigger output noise will be obtained. Namely, this trend will be more obvious with bigger input phase noise. Fig. 8.(b) depicts the BER performance under the low signal quality by setting the OSNR at node A to 17 dB. On the FEC threshold, compared with B2B 8PSK, ∼5dB OSNR improvement can still be observed. The result shows that the better system BER performance is unaffected by the quality of input signal. As for the B2B QPSK signal, bigger noise trend can be confirmed that larger OSNR degradation of 1dB can be observed on the FEC threshold under worse input quality.
The proposed scheme has several possible applications in future optical transparent networks. Firstly, the most direct application is used as an optical channel de-aggregator in traffic grooming. The total information can be de-aggregated into two tributaries for two independent users without photoelectric conversion.
Secondly, it could also be applied in transmission link for further transmission of 8PSK signal with better noise tolerance, where the SNR is sufficient for QPSK signal, but not for 8PSK.
Thirdly, the converter has potential application to enhance the security of communication. The information from one user can be converted into two tributaries, and they can propagate using multi-core fibers on different spatial paths. Reliable communication is allowed only when both signals are simultaneously detected.
Finally, two QPSK signals at the same frequency can also be converted to one polarization division multiplexed (PDM)-QPSK signal by subsequently adjusting their polarization state orthogonal and coupling together. Therefore, another format conversion from one 8PSK signal to one PDM-QPSK signal will be accomplished. It could be applied at the gateway nodes to enable the interconnection among neighboring networks where different modulation formats are deployed.
V. CONCLUSION
We have demonstrated a modulation format converter that can simultaneously obtain two different QPSK signals from an 8PSK signal without information loss. At BER of 3.8 × 10 −3 , about 5dB OSNR improvement between the input 8PSK signal and output QPSK signals can be observed. Besides the intelligent grooming function, the proposed scheme may also be used for further transmission of 8PSK signal, secure communication, and information interaction between different types of networks, which is promising to enhance network reconfigurability, security and flexibility in EON. 
